In this paper, Switched Reluctance Motor (SRM) to be employed electric vehicle (EV) is designed using finite element method (FEM). The static torque of SRM is estimated with the magnetic field analysis. The temperature rise with time of SRM is estimated with the heat transfer analysis. First, the static torque and temperature rise with time of 600W SRM included in an experiment set, and are compared with the calculated results using FEM under the same conditions. The validity of magnetic field analysis and heat transfer analysis is verified by the comparisons. Also, the 60 [kW] SRM employed in EV, whose output characteristics are equal to 1500 [cc] gasoline engine, is designed with the magnetic field analysis and heat transfer analysis.
1-Introduction
The problem depletion of the petroleum depletion, the serious environmental problem of global warming by C02 and air pollution by NOx are caused by the rapid development of the car society. As a solution for these problems, the following gradually spread: High mileage automobiles and low emissions vehicle such as in hybrid vehicle (HV). However, the penetration ratio of HV stagnates, and it is hard to be called a winning hit which solves the problem. This is because the price of HV is still higher than the price of gasoline-powered vehicle (GV) of equal power.
Switched reluctance motor (SRM) rotates due to reluctance torque which originates from the change of the resistance of the magnetic circuit. The stator and rotor have salient pole structure, made from laminated nonoriented electrical steel. The concentrated winding coils are installed only in the stator. The SRM is known by its low cost. The structure is simpler than induction motor and synchronous motor. Since its rotor has winding coils or permanent magnets. Therefore, SRM has the possibility of standing high-speed rotations and operations at high temperatures under inferior road surface condition always recieving impacts and vibration, [1] .
The main problems present in the SRM are high torque pulsation and noise. However, those problems are being solved by development of the power electronics and improvement in the technology [2] . The improvement of basic performance for the SRM drive contributes to the extension of the application field, and the application of SRM to the electric vehicle (EV) begins to be examined recently. In the institutes, the following have already been done: Reports on the design of SRM for EV and reports on performance enhancement of the control method for SRM assuming the application to EV.
Authors are tackling a project to employ a SRM in EV with power performance equivalent to a 1500 [cc] GV. In the project, a low cost SRM with solid features is chosen, and a design suitable for the dimensions and power of EV is done. The following goals as design guidelines are raised: Equivalent output characteristics with 1500cc gasoline engine, and making smaller and lighter. And, FF (the front engine front-wheel drive system) is adopted. Then, 2 SRMs of machines are used in order to omit the differential gear.
In this paper, design process of SRM for EV using magnetic field analysis and heat transfer analysis of finite element method (FEM) is reported. To the authors knowledge, there are no reports which designed SRM for EV using analysis of FEM. First, the static torque and temperature rise with time of 600W SRM for sample machine are measured in the experiment, and they are compared with the calculated results using FEM under the same conditions. The validity of magnetic field analysis and heat transfer analysis is verified by the comparisons. Then, the design procedure of SRM using both analysis is explained, and SRM for EV with output characteristics which is equivalent to 1500cc gasoline engine is designed.
2-Static Torque

2-1 Calculation of Static Torque
Inductance and static torque of 600W SRM for sample machine are calculated using ANSYS software of FEM. Fig. 1 shows the analytical model of SRM. Table 1 shows the condition of analysis. Table 2 shows the specification of SRM. Using the analytical model as shown in fig. 1 , the calculation is carried out by the twodimensional static magnetic field analysis.
In this analysis, a three-phase SRM which has stator of 6 poles and rotor of 4 poles is used. Since the pole number of the rotor is 4, the magnetic circuit becomes the same after rotating 90 degrees, when only one phase is excited. In addition, the stator salient pole and rotor salient pole repeat facing condition and non-facing condition for the interval of rotation 45 Where Bi is the magnetic flux density of each element, pti is the permeability of each element, and vi is the volume of each element.
Inductance L(O) in rotor position 0 is calculated according to the following equation.
Where i is the excitation current. Fig. 3 shows the inductance L(O) in rotor position 0 calculated using equations (1) and (2) . 
2-2 Experimental Results
The static torque while, exciting only one phase, was measured using 600W SRM sample machine. Fig. 5 shows the experiment circuit. The excitation current of 4 [A] is applied to the one phase of SRM using the DC power source, and static torque at rotor position 0 was measured using the torque meter. The rotor position of SRM was fixed using the brushless DC motor drive. The rotor position of SRM can be fixed by controlling rotor position of the brushless DC motor using the brushless DC motor drive. There is a speed reducer between brushless DC motor and SRM. The gear ratio is 6:1. Therefore, it is possible to rotate the SRM for 1 degree by giving the command signal which rotates 1/6 degrees to the brushless DC motor drive. And, the static torque in the position fixed by the brushless DC motor drive can be measured using the torque meter. The comparison of calculated and experimental results of the static torque is shown in fig. 6 . The static torque calculated using magnetic field analysis agrees well with the experimental result measured in same condition. Therefore, the validity of the magnetic field analysis using FEM utilized for the design was proven.
3-Heat Transfer Analysis 3-1 Calculation of Static Torque
Heat transfer analysis is carried out using the analytical model shown in fig. 1 . However, in the actual analytical model used, in order to choose the condition equal to that of experiment, the rotor was removed.
The heat quantity of the coil must be proven in order to carry out the heat transfer analysis. Then, the magnetic field analysis is carried out in order to obtain the heat quantity of the coil. In the magnetic field analysis, the voltage drop across stator coils is given to the coils of excitation phase, and the Joule heat per unit cube product of the coil is calculated. The Joule heat obtained in the 0-7803-9521-2/06/$20.00 §2006 IEEE. magnetic field analysis is set at the coils, and the heat transfer analysis is carried out.
The heat transfer between SRM and outside air is done by natural convection. The heat transfer coefficient in natural convection was obtained from the simple formula for heat transfer of natural convection [15] . In the stator surface, where its contact plane with the air is smooth, the simple formula for the laminar flow shown in following equation is used.
Where, a is a heat transfer coefficient, At is a gradient of temperature change, and 1 is the core thickness. And, the simple formula for the turbulent flow shown in equation is used in the coil surface of whose contact with the air is not smooth.
The initial value of the temperature gradient At used in equations (4) and (5) Fig. 7 shows the temperature distribution after 2 hours of applying 10 [A] for only one phase. Fig. 8 shows the temperature rise in coil and stator during 2 hours. The positions where the temperature rise of fig. 8 is observed are the 3 places shown in fig. 7 . The first place is coil [16] . Fig. 10 shows analytical model for stator diameter of 350 [mm] . Table 4 shows condition of analysis. Table 5 shows the specification of SRM. The SRM is designed at 60 [kW] in order to obtain output characteristics equal to gasoline engine of the 1500cc class. Assuming the utilization of 2 SRMs in order to omit the differential gear, the SRM of 30 [kW] is designed.
I----------------------
Large torque is required so that the EV may start. fig. 10 . From this fact, it is clear that speed reducer is necessary. Then, the speed reducer shall be established between the SRM and driving shafts. The speed reducer used here has only one ratio, and is not a change gear used in GV. Though, it is good for the acceleration from the rest state, because the torque increases, when moderating ratio is increased, and the maximum speed lowers. As the dimension of the gearbox increases, it does not fit the space in the engine room. Thus, optimum moderating ratio of 1/5 is adopted. Starting torque and performance of high speed operation are equivalent to GV. Table 7 shows the average total torque of 2 SRMs considering moderating ratio of 1/5. The average torques which are equivalent to the peak torque of GV are obtained for the following conditions: the depth of 250 Only static torque which arises, when the constant current is applied in the rest state, has been examined until now. However, the generated torque decreases, because the delay occurs in the stator current, when the rotational frequency of SRM rises. Dynamic simulation considering the electrical characteristic of the coil and mechanical system are necessary to examine the generated torque in the general transit. The generated torque in the general transit-time will be examined in the next project.
4-2 Calculation of Temperature Rise
The temperature rise of SRM for continuous operation at the rated current of 100 [A] is observed. In the rated operation, the temperature of the coil is forbidden to become over 140 [degree centigrade]. Then, the heat for 1 hour is carried out, and the temperature rise of coil and stator is observed. The analysis was carried out using the analytical model which added cooling system to analytical model of fig. 11 . Fig. 12 shows the element distribution of the analytical model which added cooling system. The analysis was carried out using the copper pipe with water as a cooling system. The copper pipe was used as a cooling system, and the water was used as a refrigerant. 
5-Conclusion
It was confirmed that static torque calculated in 
